The steroid hormone 20-hydroxyecdysone induces metamorphosis in insects. The receptor for the hormone is the ecdysone receptor, a heterodimer of two nuclear receptors, EcR and USP. In Drosophila the EcR gene encodes 3 isoforms (EcR-A, EcR-B1 and EcR-B2) that vary in their N-terminal region but not in their DNA binding and ligand binding domains. The stage and tissue specific distribution of the isoforms during metamorphosis suggests distinct functions for the different isoforms. By over-expressing the three isoforms in animals we present results supporting this hypothesis. We tested for the ability of the different isoforms to rescue the lack of dendritic pruning that is characteristic of mutants lacking both EcR-B1 and EcR-B2. By expressing the different isoforms specifically in the affected neurons, we found that both EcR-B isoforms were able to rescue the neuronal defect cell autonomously, but that EcR-A was less effective. We also analyzed the effect of over-expressing the isoforms in a wild-type background. We determined a sensitive period when high levels of either EcR-B isoform were lethal, indicating that the low levels of EcR-B at this time are crucial to ensure normal development. Over-expressing EcR-A in contrast had no detrimental effect. However, high levels of EcR-A expressed in the posterior compartment suppressed puparial tanning, and resulted in down-regulation of some of the tested target genes in the posterior compartment of the wing disc. EcR-B1 or EcR-B2 over-expression had little or no effect. q
Introduction
The ecdysones are a family of steroid hormones (Riddiford, 1993; Thummel, 1996) that control development in insects. They regulate the different larval molts, initiate metamorphosis, and play a role in oogenesis. During metamorphosis the same hormonal signal evokes different responses in different tissues and at different stages of development. This is most evident in holometabolous insects such as Drosophila where most of the larval tissues are destroyed and the adult tissues begin to differentiate from groups of undifferentiated cells that were set aside during embryogenesis.
The response to the steroids is transmitted through the ecdysone receptor complex, a heterodimer of two nuclear hormone receptors, the ecdysone receptor (EcR) and the RXR-ortholog ultraspiracle (USP) (Koelle et al., 1991; Koelle, 1992; Yao et al., 1992; Thomas et al., 1993) . In Drosophila there is one transcript of usp, which is expressed throughout larval stages and metamorphosis. (Andres et al., 1993; Henrich et al., 1994; Kim et al., 1995) . Mutations in the usp gene lead to a failure to molt properly and the animals arrest late in the first instar (Perrimon et al., 1985) . Their phenotype is very similar to loss of function EcR mutants arrested at the first larval molt (Li and Bender, 2000) , indicating that EcR and USP function together to induce molting. In contrast to usp, the EcR gene encodes 3 different isoforms that share the same exons encoding the DNA binding domain (DBD) and the ligand binding and heterodimerization domain (LBD) . The difference in the isoforms lies in their N-terminal, A/B region. The expression patterns of the EcR isoforms show an intricate spatial and temporal pattern that in many cases can be correlated with specific cellular responses to the hormone (Robinow et al., 1993; Talbot et al., 1993; Truman et al., 1994) . Deducing from the observed expression patterns, it has been proposed that EcR-A is primarily responsible for adult differentiation, and that EcR-B1 directs metamorphosis of larval tissues Truman et al., 1994) . This view is supported by the phenotypes of EcR mutants: loss of EcR-B1 leads to developmental arrest at the onset of metamorphosis, with an uncoupling of developmental events. Larval structures fail to undergo the first phases of metamorphosis, such as retraction of the gastric cecae, larval neuronal pruning, and formation and tanning of the puparium, whereas adult tissues begin metamorphosis, e.g. elongation of imaginal discs and expansion of the optic lobes (Bender et al., 1997; Schubiger et al., 1998) . Mutants that lack both EcR-B1 and EcR-B2 die primarily at the first and second molts, with some escaping to the third instar where they show a similar, but more pronounced phenotype than the EcR-B1 mutants (Schubiger et al., 1998) . Recently D'Avino and Thummel (2000) reported on an EcR-A mutant that shows no detectable EcR-A RNA at puparium formation, although the mutation also suppressed EcR-B1 expression. This mutation leads to lethality predominantly during the pupal stage but with 36% of the animals eclosing as adults. Additional EcR-A mutants have been isolated and show developmental arrest after head eversion during the pupal stages (M. Bender, personal communication) . The time of arrest in the EcR-A mutants is much later than that for EcR-B mutants and might reflect a specific role for EcR-A in adult differentiation.
It is unlikely that the functional difference between the isoforms is due to differential affinity for the ligand, since Dela Cruz et al. (2000) found similar binding affinities for all 3 receptor isoforms to ecdysone and several ecdysone agonists. Similarly, in the presence of the ecdysone agonist Muristerone A all 3 EcR isoforms can bind as heterodimers with USP equally well to two tested ecdysone response elements (EcREs) (Mouillet et al., 2001) . It now is evident that the difference in isoform function lies in the ability of the A/B region to control transcription. Transfection experiments in Drosophila and mammalian cell lines revealed that activation of a reporter construct containing seven EcREs is differentially activated depending on the EcR-isoform present. Hu et al. (2003) and Mouillet et al. (2001) reported that EcR-B1 and EcR-B2 activate to high levels, but that EcR-A activates only weakly and only to the same or lesser extent than a truncated form of EcR lacking the A/B region. The authors concluded that the A/B region of EcR-B1 and EcR-B2 must contain a domain with activation function (AF1) that is lacking in EcR-A. Mouillet et al. (2001) also demonstrated that the A/B region of EcR-A contains an inhibitory region that is not present in EcR-B1 or EcR-B2.
Here we present data that demonstrate the inhibitory function of EcR-A in vivo, as well as requirements for the EcR-B isoforms in identified neurons for specific developmental processes at the onset of metamorphosis. We also provide evidence that the correct timing of expression of a specific isoform is crucial for viability.
Results

Over-expression of the different EcR isoforms
We over-expressed EcR isoforms by using either heat shock inducible EcR genes or by driving UAS-constructs with an en-Gal4 or a neuron-specific driver (FG5, see below). The en-and FG-drivers are active during embryogenesis and express at high levels throughout larval growth and metamorphosis. We tested 2 or 3 different UAS-EcR transformant lines for each isoform and found that all lines gave similar levels of EcR expression . However, in the UAS-EcR-B1 and particularly in the UAS-EcR-B2 lines we noted a considerable amount of cytoplasmic EcR in the over-expressing cells.
Rescue of a neuronal defect in EcR-B mutants
At the onset of metamorphosis many larval neurons undergo retraction of their larval processes before growing the adult specific neuronal arbors during the pupal stage . Just prior to the period of larval pruning these neurons express high levels of EcR-B1 and only low levels of EcR-A (Truman et al., 1994) . The expression of EcR-B2 has not been determined because there is no EcR-B2 specific antibody available. In a previous study (Schubiger et al., 1998) we showed that loss of function of both EcR-B isoforms inhibits dendritic pruning by the larval Tv-neurons, a set of thoracic FMRFamide expressing neurons (Schneider et al., 1993) . However, since all cells in these animals are mutant, we did not know if the failure to prune dendrites was a cell autonomous defect. Consequently, we asked if the dendritic pruning defect could be rescued by expressing the different EcR isoforms specifically in these neurons. Using the FG5-Gal4 driver containing regulatory sequences of the FMRFamide gene we expressed wild-type EcR isoforms as well as the GFPlabeled membrane marker mCD8 (Lee and Luo, 1999) in EcR-B mutant animals. Late stage EcR 31 /EcR 99 mutant larvae failed to pupariate normally, but became stationary at the end of the third larval instar and later completed apolysis of their larval cuticle. In some of these mutant animals, development of the CNS progressed to a stage comparable to that observed in wild-type animals at head eversion (about 12 h after puparium formation [APF]) (Schubiger et al., 1998) . We selected animals that had completed apolysis, dissected the nervous systems and then grouped them into 3 classes according to morphology of their CNS: in the early group the CNS had not extended the optic lobes and the sub-esophageal ganglion (SEG) had not yet separated from the ventral nerve cord. In the late group the optic lobes were well extended and the SEG had started to separate. The mid group showed an intermediate morphology. Projected confocal z-series were collected, encoded and the dendritic patterns classified as larval (with no or little pruning observed), larval -pupal or pupal (with complete reduction of the dendritic arbors) (Fig. 1A) . As seen in Fig. 1B , expressing the EcR-B2 isoform frequently led to the complete pruning, even in animals with an early CNS morphology (5 out of 9). Combining the nervous systems of all 3 morphological groups the majority (12 of 18) showed complete pruning. Expressing EcR-B1 also restored the ability of the cells to prune, but less effectively, with only 10 of 26 nervous systems showing complete pruning, with most of them in the morphologically older groups. It is interesting to note that both EcR-B1 and EcR-B2 caused Tv-cell pruning that was beyond the normal range. Such 'hyper-pruning' is also observed when EcR-B1 or EcR-B2 is expressed in wild-type Tv-cells (S. Tomita, unpublished observations). EcR-A expression only resulted in limited pruning with one case of 20 showing complete pruning. These results demonstrate that dendritic pruning could be induced cell autonomously in the EcR-B mutants. While all isoforms gave some rescue, only EcR-B2 and EcR-B1 consistently resulted in extensive pruning.
Over-expression of EcR in wild-type animals
Sensitive period for heat-induced EcR expression
At the transition from the larval stage to the onset of metamorphosis many larval tissues that are fated to die express EcR-B1 predominantly, whereas imaginal cells beginning to differentiate express increased levels of EcR-A . We used heat-inducible EcR transgenes to express high levels of specific isoforms and to ask if the proper balance of isoforms is essential to execute the metamorphic program. Animals carrying the heat-inducible transgenes were carefully staged and given a single heat shock at 37 8C for 45 min at increasingly older stages. We then scored the number of eclosed adults for every treatment (Fig. 2) . Heat-induced expression of both EcR-B1 and EcR-B2 isoforms had a profound affect on viability, leading predominantly to developmental arrest at the time of head eversion. The window for this lethality (. 50%) was very narrow and extended from -5 to 0.5 hours APF. The highest sensitivity was 30 -60 min prior to puparium formation when ecdysone levels are peaking. Interestingly the sensitivity dropped off sharply after pupariation. Heat-induced expression of EcR-A had little effect on viability with only 15-25% of the animals dying when the heat shock was administered at the time of the ecdysone peak. Most of the animals that arrested after EcR-A misexpression did so after the formation of eye pigment (approximately 50 h APF).
The abrupt loss of effectiveness of EcR-B1 or EcR-B2 misexpression at the time of pupariation, prompted us to examine the normal levels of EcR isoforms that are present through this period. Larval neurons show an abrupt decline in EcR-B1 at this time (Truman et al., 1994) but the fluctuations in imaginal discs have not been examined.
As seen in Fig. 3 , EcR-A was present in the midwandering disc and increased its levels at pupariation. The EcR-A levels at 3 h APF were slightly lower, but expression was still strong. In the wing blade anlage the expression of EcR-A was fairly uniform with the exception of the presumptive wing margin. Here we observed a stripe of high expressing cells flanked on either side by cells showing reduced EcR-A levels. In the anterior compartment the levels are particularly low. This region of low expression corresponds to where the sensory bristles will arise (Bryant, 1975) , and has been shown to have distinctive cell cycle properties and gene expression patterns (Johnston and Edgar, 1998) . The pattern of EcR-B1 expression is more dynamic. High levels were found in the mid-wandering disc. At pupariation EcR-B1 expression was lower and by 3 h APF there was little EcR-B1 in the disc epithelium. The surrounding peripodial cells by contrast showed high levels of EcR-B1 at pupariation and 3 hr APF. In mid-wandering stage discs the margin anlage showed a medial stripe of EcR-B1 expressing cells bordered on each side by cells with low levels of EcR-B1, similar to the EcR-A expression pattern. In the rest of the blade anlage EcR-B1 expression was unpatterned.
EcR over-expression in posterior compartments
We used the en-Gal4 driver to over-express EcR isoforms in the posterior compartment in wild-type animals. Expression from this driver begins during embryogenesis and continues through larval growth and metamorphosis. Since the en-Gal4-driver results in many cells expressing elevated levels of EcR, we first tested if this affected viability. We found some decrease in the hatching rate, but no lethality during metamorphosis: 78, 85, and 75% of eggs laid eclosed as adults when EcR-A, EcR-B1 or EcR-B2, respectively, was expressed in the posterior compartment. It is important to note that viability was affected equally regardless which EcR isoform was over-expressed.
While not affecting post-embryonic viability, prepupae over-expressing EcR-A displayed reduced tanning in the cuticle overlying posterior cells, giving the puparia a striped appearance (Fig. 4) . By contrast, the expression of the two other isoforms did not noticeably alter the tanning. This suggests that EcR-A may interfere with this early ecdysoneinduced response. We did not observe striped puparia even when animals with 2 copies each of the driver and the UASEcR-B1 transgene were raised at 298 to increase the amount of EcR-B1 produced (data not shown). Thus the difference between the isoforms appears to be qualitative rather than quantitative.
Effect on activation of ecdysone target genes
The above results led us to look at the effects of overexpressing the different EcR isoforms on a sample of ; UAS-A) with intermediate pruning. (B) Distribution (in percent) of the 3 rescue phenotypes and as a total of all nervous systems analyzed. Mutant larvae were dissected after they had apolyzed and were then grouped according to the morphology of the nervous system (E (early): the nervous system appears largely larval; M (mid): intermediate CNS morphology; L (late): the optic lobes have expanded and the sub-esophageal ganglion has begun to separate from the thoracic ganglion). Numbers in the columns indicate number of nervous systems analyzed. White: larval, gray: larval-pupal, and black: pupal Tv projection pattern.
ecdysone target genes. Using the en-Gal4 driver allowed us to compare the level of target gene expression in the wing disc between the anterior and posterior compartments where now one or the other EcR isoform was over-expressed. We found 3 categories of response: (1) target genes that were not affected by over-expression of any of the EcR isoforms; (2) genes that were down regulated by over-expressing EcR-A, but not by EcR-B1 or EcR-B2; and (3) genes that were down regulated by over-expressing any of the three EcR isoforms.
The Z isoforms of the br gene belong to group 1. We tested all isoforms, but Br-Z3 had such low expression levels in the wing disc that we did not include it in our analysis. Br-Z1 expression in the wing discs begins during wandering and reaches its highest levels during the prepupal stage (Bayer et al., 1996; Emery et al., 1994) . At the time of pupariation (0 h APF) Br-Z1 is sub-maximally expressed. At this time point the expression level was not altered by over-expressing any of the EcR isoforms (Fig. 5) . Br-Z2 and Z4 are expressed earlier in the wing discs and have high levels of protein during wandering, peaking at 0 h APF. Over-expressing the different EcR isoforms in the posterior compartment had no detectable affect on Br-Z2 or Z4 expression, either during wandering or at 0 hours APF when expression is maximal (Bayer et al., 1996; Emery et al., 1994 ) (data not shown).
DHR3 and E75B represent group 2 genes. Their expression was lowered only by over-expression of EcR-A. At 2-3 h APF when DHR3 protein is well expressed in the wing disc (Lam et al., 1997) , over-expressing EcR-A repressed DHR3 levels (Fig. 6) . However, by 4 h APF when DHR3 expression begins to decrease (Horner et al., 1995; Huet et al., 1995) most discs (7 out of 11 cases; data not shown) now showed the same level of expression in both compartments despite the presence of high levels of EcR-A. This repressive effect of EcR-A at the early stages is in agreement with previous cell transfection studies demonstrating that EcR-A is a weak activator and has some repressive activity (Mouillet et al., 2001 ). E75B responded in a similar fashion (as DHR3 (Fig. 7) ). Hence the activation of these genes was dampened and delayed by the expression of EcR-A. In contrast, over-expressing EcR-B1 or EcR-B2 had little effect on the levels of these genes. At the onset of DHR3 expression (1 h APF) only 2 out of 15 discs over-expressing EcR-B1 and 2 out of 9 discs over-expressing EcR-B2 showed slight repression of DHR3 in the posterior compartment (data not shown). But by the time of peak activation DHR3 expression was no longer affected (12 out of 12 and 17 out of 17 cases for EcR-B1 and EcR-B2, respectively; Fig. 6 ).
EcR itself is a hormone responsive gene (Karim and Thummel, 1992; Huet et al., 1995) . We observed it to be down regulated by high levels of all three EcR isoforms, putting the response of the EcR gene in group 3. As can be seen in Fig. 8 , high levels of EcR-A expression had a moderate effect on suppressing EcR-B1 expression. By contrast, EcR-A expression is strongly down regulated by EcR-B1 or EcR-B2 over-expression. This suggests that the different isoforms may interact to regulate the ratio of receptors found in a particular cell at a given time. Note that the endogenous EcR in the anterior compartment is very low in this and the following figures. The rabbit anti-common EcR in general gives a low signal. In addition, to accommodate for the high EcR levels in the posterior compartment the gain on the confocal microscope was reduced. Fig. 7 . Effect of over-expressing EcR in the posterior compartment on E75B expression. 2-3 h APF wing discs were labeled with mouse anti-E75B (red) and rabbit anti-EcR common (green) antibodies. Mis-expression of EcR-A represses E75B expression (A) whereas mis-expression of EcR-B1 or EcR-B2 has no effect on the levels of E75B (B and C). Single optical sections as in Fig. 6 . 
Discussion
Rescue of dendritic pruning in the EcR-B mutant
We have focused on a small set of larval neurons that fail to undergo the normal retraction of their larval dendrites in EcR-B mutants. When we expressed the EcR isoforms only in these cells, we observed a cell autonomous rescue of the dendritic pruning response. Though all isoforms could rescue to some extent, EcR-B2 was most effective showing good pruning even in nervous systems that retained a larval morphology. In contrast, expressing EcR-A rarely caused extensive pruning, even in CNSs that appeared developmentally more advanced based on gross morphological criteria. Similarly Lee et al. (2000) reported that the failure of mushroom body neurons to retract their processes in EcR-B1 mutants could be rescued cell autonomously when EcR was expressed in these neurons. As we found with the dendrites of the Tv-neurons, they found that EcR-B1 and B2 gave good rescue, whereas EcR-A was largely ineffective. Our observations on these identified neurons are consistent with the rescue of the puffing pattern and lethality in EcR-B1 mutants by heat-inducible expression of the isoforms (Bender et al., 1997) . Here too, EcR-B1 gave complete rescue of the puffing defect and good rescue of lethality, but EcR-A was unable to rescue the puffing pattern and gave only limited rescue. Li and Bender (2000) also investigated the efficiency with which the 3 isoforms rescued EcR null mutants to the third larval instar. In their experiments EcR-B2 was about 4 fold more effective than either EcR-A or EcR-B1. Taken together the data suggest that there are aspects of the response to ecdysone that can be efficiently mediated through one or both EcR-B isoforms and that EcR-A is deficient or lacking in this regard. Nevertheless, EcR-A expression can provide a weak rescue effect, indicating some redundancy in isoform function.
The cell-autonomous rescue of pruning in the Tv neurons shows that given the correct set of receptors in these neurons, ecdysone can induce a pruning response even in a mutant environment in which overall nervous system development is arrested. Both the pruning of these neurosecretory cells and the pruning of the mushroom body neurons require the presence of an EcR-B isoform (Lee et al., 2000) . The pruning of the Tv-cells, however, is only inhibited when both EcR-B1 and EcR-B2 are absent (Schubiger et al., 1998) . This differs from the mushroom body neurons that fail to undergo pruning when only EcR-B1 is missing (Lee et al., 2000) . Nevertheless similarity across different neuronal types suggests that a general set of rules may be employed early in metamorphosis to remove larval specializations.
EcR over-expression in a wild-type background
We have identified a narrow window of development during which high levels of EcR expression in a wild-type animal disrupted subsequent development. This window begins at mid-wandering and closes shortly after pupariation. During this time period excess levels of the EcR-B isoforms caused developmental arrest and lethality, while over-expression of EcR-A was largely without effect. Bender et al. (1997) and Li and Bender (2000) using the same heat-inducible transgenes found that the induced EcR protein appears by 30 min and peaks at 2 h after heat induction, with considerable amounts detectable even after 6 h. Thus during the sensitive period in our experiments high EcR-B levels would be maintained well past the time when EcR-B1 levels normally show a precipitous drop in larval tissues (Truman et al., 1994) and in the imaginal discs (Fig. 4) . It has been proposed that this down-regulation in EcR is required for the successful progression through the ecdysone cascade (Thummel, 1996; White et al., 1997) . Bender et al. (1997) determined that the same heat-shock inducible constructs we used here, produce comparable levels of the different EcR isoforms. Thus the different response to over-expressing EcR-A versus EcR-B is unlikely to be caused by different levels of induced EcR isoforms. Therefore we suggest that it is the AF1 mediated functions of the EcR-B isoforms that need to be down regulated. This is the first demonstration that the failure to reduce EcR levels at this time does indeed block development.
Although a single pulse of EcR-B1 or EcR-B2 was lethal if given during the sensitive period, we found that the tonic mis-expression of these isoforms by the en-Gal4 driver was not. The different impact of the two treatments on lethality may be due to the levels attained by the heat-induced versus the en-Gal4 driven expression or by the spectrum of tissues affected by one or the other treatment. Fig. 8 . Effect of one EcR-isoform on the expression of the other. (A) High levels of EcR-A lower EcR-B1 (red) expression in wing discs from early wandering larvae when endogenous EcR-B1 is normally high. (B and C) High levels of EcR-B1 or EcR-B2 lower the expression of EcR-A (red) in late wandering discs, a stage when endogenous EcR-A levels are high. All discs were also labeled with a rabbit polyclonal antibody against the common region of EcR (green) to indicate the area of over-expression. All images are single optical sections.
Even though the tonic expression of EcR isoforms by the en-Gal4 driver did not cause lethality during metamorphosis, it did nevertheless, modify the extent of normal gene activation. The elevated expression of EcR-A, for example, suppressed tanning of the puparium and also suppressed EcR-B1, DHR3 and E75B expression, direct target genes of ecdysone (Karim and Thummel, 1992; Huet et al., 1995; Horner et al., 1995) .
The effect of EcR-A mis-expression agrees well with the observations made on isoform specific function in transfected Drosophila or mammalian cells. Hu et al. (2003) and Mouillet et al. (2001) reported that EcR-B1 and EcR-B2 act as strong activators of the hsp27EcRE and that both contain an AF1 domain in their A/B regions. EcR-A however, was shown to be a weak activator, activating the tested reporter no better than a truncated construct lacking an A/B region. In addition the study by Mouillet et al. (2001) suggests that the A/B region of EcR-A also may contain an inhibitory function. We speculate that in vivo most of the activation of DHR3 and E75B requires the AF1 function that is supplied by the EcR-B isoforms. Consequently flooding the cells with EcR-A has potentially multiple functions. It reduces the levels of EcR-B1 (Fig. 8 ) and it also enhances the level of an EcR isoform that is a poorer activator and has a potential inhibitory function.
Over-expression of the different EcR isoforms did not alter the expression level of the Br-Z isoforms. We have previously shown (Schubiger and Truman, 2000) that Br-Z1 expression is regulated by USP dependent repression. This is also true for Br-Z3 and Br-Z4 (unpublished observations). Thus it is not surprising that the Br-Z isoforms respond to the different EcR isoforms in the same manner, since any of the EcR isoforms can release repression in the presences of elevated hormone levels.
Over-expression of EcR-B1 or EcR-B2 caused little or no change in expression of the target genes, with the exception of EcR itself. Thus, unlike the cell transfection studies, we have not been able to demonstrate that additional EcR-B1 and EcR-B2 in vivo results in hyper-activation. Barolo and Posakony (2002) point out that in general a signal response element (for example a hormone response element) is insufficient to strongly activate target gene expression and only by acting cooperatively with local activators is a target gene fully expressed. This might explain why in our experiments excess EcR-B1 and EcR-B2 does not result in higher target gene expression. The EcR receptor may control the time of gene activation but the level of expression of that gene may be controlled by other factors binding in the promoter region. In Drosophila this type of relationship has been most clearly shown for the fbp1 gene. Brodu et al. (1999) , Mugat et al. (2001) and Brodu et al. (2001) demonstrated that the EcRE is responsible for the timing (the response to the hormone) but that tissue specificity and levels of expression are directed by other regulatory segments and by transcription factors that bind to them.
In a recent study Cherbas et al. (2003) used a variety of Gal4 drivers to express in diverse tissues a dominant negative form of the EcR-B1 isoform that was incapable of ligand-dependent activation. This often led to the death of the animal. They then tested for the isoform requirements in the various domains by co-expressing each of the wild-type EcR isoforms. Unexpectedly, in many tissue domains, the lethality was rescued by any isoform, but in other cases only a single isoform was effective. Although, as discussed in Cherbas et al. (2003) , the interpretation of such rescue experiments depends on some caveats, the results show tissue specific requirements for the unique AF1 functions supplied by the isoforms. Our data extend this complexity to the cellular level. The over-expression of the various EcR isoforms in the wing disc shows that some target genes, such as br, are not affected. However others, for example DHR3 and E75B, cannot be expressed effectively if too much EcR-A is present. Hence, within a cell at a given time, there may be targets that require only functions mediated through the ligand binding domain (de-repression or AF2 mediated activation) while others require unique AF1 function in addition. The balance of these types of genes in the target cell could then determine the overall isoform requirement for the tissue.
Experiments analyzing the structure and functions of the receptor isoforms have shown that EcR-B1 and EcR-B2 both contain an AF1 domain and elicit in general more similar responses than does EcR-A. This raises the possibility that the two EcR-B isoforms may have largely overlapping functions. It is interesting to note that so far no EcR-B2 isoforms have been discovered in other arthropods (see Riddiford et al. (2000) for review) and may indicate that EcR-B2 has arisen relatively recently.
Differences of activational function of nuclear receptor isoforms have also been reported for steroid receptors in vertebrates. For example, the human progesterone receptor hPRA is transcriptionally inactive and acts as a repressor whereas hPRB is an activator of progesterone response elements (Giangrande et al., 1999) . However, PRA and PRB have been shown to have isoform specific activation that is both cell and target gene specific. hPRA tested in CV-1 cells is unable to activate reporter genes, however in HeLa cells hPRA shows weak activation and in HepG2 cells even strong activation of the reporter (Vegeto et al., 1993) . Interestingly, they were also able to show that PRA can repress PRB activated transcription in a cell and promoter specific context. Newer studies analyzing microarray gene expression data from progesterone treated breast cancer cell lines found that the majority of genes were regulated uniquely by PRB, but that both PRB and PRA could activate a smaller group of genes and that only few genes were regulated exclusively by PRA (Richer et al., 2002) . Vegato et al. (1993) proposed that a changing ratio of PRA to PRB during development might lead to different expression patterns and developmental programs. As we saw, overexpressing EcR-A in the posterior compartment inhibited tanning of the puparium and lowered DHR3 expression in the wing disc, but did not affect viability. Thus the temporally and spatially changing patterns of EcR isoform expression in Drosophila may be important for modulating the response to the hormone and fine tuning target gene expression during development.
Experimental procedures
Fly stocks
To over-express the different EcR-isoforms we used the Gal4/UAS system (Brand and Perrimon, 1993) . For the rescue experiments we used the FG5 driver (Suster et al., 2002) that is expressed in the Tv neurons, a subset of FMRFamide expressing neurons (Schneider et al., 1993) . The following crosses were made: y,w, UAS-mCD8::GFP; FG5, EcR 99 /CyO y þ X y,w; EcR 31 /CyOy þ ; UAS-EcR-A (UAS-EcR-B1 or UAS-EcR-B2). The mCD8::GFPgene encodes a membrane-targeted GFP that allowed us to follow the morphology of the axons and dendrites (Lee and Luo, 1999) . EcR 31 and EcR 99 are alleles lacking both EcR-B1 and EcR-B2 function (Schubiger et al., 1998) . Combining these two alleles yielded higher numbers of mutant animals that reached the third larval instar as compared to an EcR-B allele in trans with the null mutation EcR M554fs . Yellow mouth hooks identified mutant larvae. The UAS-EcR transgenes are described in Lee et al. (2000) .
To determine the pheno-critical developmental periods for over-expression of EcR isoforms we heat shocked either wandering third instar larvae or staged prepupae carrying a heat-inducible EcR transgene (Bender et al., 1997 ; lines kindly provided by D. Hogness) for 45 min at 37 8C in a water bath. After the heat shock the larvae were put at 25 8C. White puparia were subsequently collected in 30 or 60 min intervals and the time of the heat shock relative to puparium formation was then determined retrospectively.
To test the effect of high levels of EcR on target genes we used en-Gal4 (a gift from T. Kornberg) to drive UAS-EcR-A, UAS-EcR-B1 or UAS-EcR-B2. This allowed us to compare the expression of particular hormone responsive genes in the posterior versus anterior compartment.
Antibodies and immunocytochemistry
Tissue was fixed in 4% formaldehyde for 30 min on ice, rinsed in PBS-TX (PBS þ 1% Triton X-100) and then blocked with 5% normal donkey serum for at least 15 min. Primary antibodies were incubated in PBS-TX overnight. The tissue was rinsed several times over the course of the day and then reacted with either donkey or goat anti-mouse, or with donkey or goat anti-rabbit secondary antibodies labeled with FITC or Texas-red (Jackson Immunoresearch) or Alexa488 or 594 (Molecular Probes) overnight at a 1:500 dilution. The tissue was rinsed several times in PBS and mounted in Vectashield (Jackson Immunoresearch) or dehydrated, cleared in xylene, and embedded in DPX (Fluka).
We used EcR-A (15G1A), EcR-B1 (AD4.4) specific and EcR-common (DDA2.7) mouse monoclonal antibodies at a 1:50 dilution and a rabbit polyclonal EcR antibody that recognizes all isoforms at 1:100 ; all gifts from D. Hogness). A rabbit poyclonal antibody against DHR3 was used at 1:1000, a monoclonal antibody against E75B at 1:30 (both a gift from D. Hogness) and a monoclonal antibody against the Br-Z1 isoform was used at 1:100 (Emery et al., 1994 ; a gift from G. Guild). We also received polyclonal antibodies against all Br-Z isoforms (Mugat et al., 2001 ) from J.A. Lepesant that we used at 1:3000. A rat monoclonal antibody against mCD8 (CAL-TAG) was used at 1:200.
All preparations were analyzed on a BioRad 600 confocal microscope and the images processed with Adobe Photoshop.
